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The r e s u l t s  of s eve ra l  f r e e - f l i g h t  invest iga-  
t i ons ,  i n  which t h e  thermal p ro tec t ion  was provided 
by e i t h e r  a subliming a b l a t o r  or by t r a n s p i r a t i o n  
cooling, a r e  discussed. The f l i g h t - t e s t  regime 
covered an a l t i t u d e  band from about 177,000 f e e t  t o  
25,000 f e e t  and peak v e l o c i t i e s  ranged from 
3,900 f e e t  pe r  second t o  22,200 f e e t  per  second. 

The s i m i l a r i t i e s  between subliming ab la to r s  
and t r a n s p i r a t i o n  cooling a r e  descr ibed and it i s  
shown how t h e  e f f ec t iveness  of ab la t ion  ma te r i a l s  
can be predicted accurately from t r a n s p i r a t i o n  data.  
This a n a l y t i c a l  procedure permits d i r e c t  comparison 
of t h e  two types of heat  p ro t ec t ion  and allows 
extrapolat ion,  based on low-speed t r a n s p i r a t i o n  
data,  of a b l a t i o n  ma te r i a l  e f f ec t iveness  t o  super- 
c i r c u l a r  v e l o c i t i e s .  

Introduct ion 

Mass in j ec t ion ,  e i t h e r  by ab la t ion  o r  t r ansp i -  
r a t ion ,  can reduce t h e  n e t  hea t  t r a n s f e r  from t h e  
hot-gas stream in t h e  boundary l a y e r  t o  t h e  surface 
by an appreciable  amount. I n  addi t ion,  mass injec-  
t i o n  at  a l ead ing  edge or s t agna t ion  po in t  o f f e r s  
p ro tec t ion  t o  surfaces  downstream by t h e  fi lm- 
cooling process .  I n  t h e  past ,  numerous ground t e s t s  
have been conducted employing these  cooling systems. 
Since t h e  s imulat ion of a c t u a l  f l i g h t  condi t ions i n  
ground f a c i l i t i e s  i s  seldom achieved (e.g. ,  dupl i -  
ca t ing  t h e  condi t ions a spacec ra f t  would encounter 
upon r een te r ing  t h e  e a r t h ' s  atmosphere a t  super- 
c i r c u l a r  v e l o c i t i e s ) ,  t h e  Langley Research Center 
i n i t i a t e d  a f l i g h t - t e s t  research program t h a t  would 
provide information i n  an a c t u a l  flight environment. 

The inves t iga t ions  were conducted employing 
s o l i d - f u e l  rocket-propelled veh ic l e  systems. The 
number of rocket  s t ages  used va r i ed  from th ree  t o  
f i v e  depending on t h e  performance required for each 
ind iv idua l  experiment. 
u t i l i z e d  t h e  NASA developed Scout booster .  

One of t h e  vehicle  systems 

The r e s u l t s  of s eve ra l  f r e e - f l i g h t  invest iga-  
t i ons ,  covering an a l t i t u d e  range from 177,000 f e e t  
t o  25,000 f e e t  and peak v e l o c i t i e s  of 3,900 f e e t  
pe r  second t o  22,200 f e e t  per  second, a r e  discussed. 
Thermal p r o t e c t i o n  i n  these  experiments was provided 
by e i t h e r  subliming a b l a t o r s  or by t r a n s p i r a t i o n  
cooling. Furthermore, it i s  shown how t h e  ma te r i a l  
e f f ec t iveness  of subliming a b l a t o r s  may be de t e r -  
mined, simply and d i r e c t l y ,  from t r a n s p i r a t i o n  
cooling r e s u l t s .  
between t h e  two types  o f  hea t  p ro t ec t ion  and, more 
s i g n i f i c a n t l y  a l lows extrapolat ion,  based on low- 
speed t r a n s p i r a t i o n  data,  of ab la t ion  ma te r i a l  
e f f ec t iveness  t o  supe rc i r cu la r  v e l o c i t i e s .  

This permits d i r e c t  comparison 

Symbols 

cP s p e c i f i c  heat,  Btu/lb-* 

F r a t i o  of coolant mass-flow r a t e  t o  l o c a l  
a i r  mass-flow r a t e  

f f r a c t i o n  of vaporizat ion 

H enthalpy, Btu/lb 

heff e f f ec t ive  hea t  o f  ab l a t ion  

hov 

i ab la t ion  r a t e ,  l b / ( s q  f t ) ( s e c )  

n temperature r a t i o  exponent 

NSt Stanton number 

9 

T temperature, OF 

Subscripts  : 

aw ad iaba t i c  w a l l  

C coolant 

2 

mate r i a l  i n t r i n s i c  heat  capacity,  Btu/lb 

hea t - t r ans fe r  r a t e ,  Btu/( sq f t ) (  s e c )  

l o c a l  ( j u s t  outs ide of t h e  boundary 
l a y e r )  

0 zero i n j e c t i o n  or uncooled case 

W wall 

w , a i r  air at w a l l  temperature 

Models and Instrumentation 

A t y p i c a l  model design used t o  inves t iga t e  
both t r a n s p i r a t i o n  and downstream cooling i s  shown 
i n  f igure 1. The p a r t i c u l a r  configurat ion shown i s  
a so l id  con ica l  body having a blunt  nose cap made 
of  porous s t a i n l e s s  s t e e l .  Nitrogen gas i s  r e l eased  
from the accumulator a t  a predetermined time during 
t h e  f l i g h t  t e s t .  The ni t rogen coolant f low r a t e  i s  
determined from measurements of t h e  p re s su re  d i f f e r -  
e n t i a l  ac ross  t h e  porous nose and t h e  p re s su re  and 
temperature of t h e  gas i n  t h e  nose chamber. Thermo- 
couples a r e  spotwelded t o  t h e  back s i d e  of t h e  
porous nose cap and of t h e  conical  afterbody t o  
measure t h e  hea t  t r a n s f e r  with coolant i n j e c t i o n  
through t h e  porous nose. 

A t y p i c a l  Teflon ab la t ion  model, instrumented 
with var iable-capaci tance ab la t ion  r a t e  sensors,  i s  
shown i n  f i g u r e  2.  The var iable-capaci tance abla- 
t i o n  r a t e  sensor  which continuously measures t h e  
ablat ion r a t e  of Teflon w a s  developed by NASA. 
Detai ls  of t h e  design, construct ion,  and ca l ib ra -  
t i o n  technique a r e  given i n  reference 1; t h e  sensor  
i s  shown schematical ly  i n  f i g u r e  3. 

. 



Test Regime 

Figure 4 is a p l o t  of t h e  t e s t  regime f o r  t h e  
f l i g h t  inves t iga t ions .  
by t h e  d i f f e r e n t  f l i g h t  t e s t s  ranged from about 
25,000 f e e t  t o  177,000 f e e t  and t h e  peak v e l o c i t i e s  
ranged from 3,900 f t / s e c  t o  22,200 f t / s e c .  The 
corresponding enthalpy range w a s  approximately 
190 Btu/lb t o  10,000 Btu/lb. 
var ied  from 100 l b / f t 2  t o  7,000 l b / f t 2  and t h e  f r e e -  
stream Reynolds number per  foot  var ied  from 
0.7 x 106 t o  6 x lo6. 

The a l t i t u d e  band covered 

The dynamic pressure  

I n  addi t ion  t o  t h e  f l i g h t  t e s t s  a number of 
ground t e s t s  were conducted i n  a Mach number 2.0 
ethylene heated high-temperature air J e t .  The 
Reynolds number range based on 1 f o o t  var ied  from 
about 1 2  x lo6 at a s tagnat ion  enthalpy of 
250 Btu/lb t o  2 x lo6 at  a s tagnat ion  enthalpy of 
800 Btu/lb. 
5,200 l b / f t 2 .  

The dynamic pressure w a s  approximately 

Transpi ra t ion  Cooling Resul ts  and Analysis 

The results of two f l i g h t  t e s t s  and a number 
of ground t e s t s 2 j 3  u t i l i z i n g  t h e  technique of t r a n -  
s p i r a t i o n  cooling, a r e  suwnarized i n  f i g u r e  5 where 

t h e  sh ie ld ing  e f f e c t  r a t i o  -%- i s  expressed as 

a funct ion of t h e  nondimensional f low-rate  uarameter 
NSt, 0 

cF’c 2 . The lower curve of f i g u r e  5 shows NSt,O q i T w ) n  
t h e  experimental f r e e - f l i g h t  r e s u l t s  t o  a maximum 
veloc i ty  of 10,400 f t / s e c  taken from reference 2 
where la rge  r a t e s  of n i t rogen  were used f o r  t h e  
coolant .  Also shown a r e  t h e  t h e o r e t i c a l  r e s u l t s  
f o r  r e l a t i v e l y  moderate r a t e s  of mass i n j e c t i o n  from 
reference 4 f o r  a three-dimensional laminar s tagna-  
t i o n  boundary l a y e r .  The t h e o r e t i c a l  r e s u l t s  of 
reference 4 were f o r  severa l  values  of 
ranging from 1/2 t o  L; t h e  authors  of re ference  5 ,  
however, c o r r e l a t e d  t h e  r e s u l t s  by including the  
temperature r a t i o  i n  t h e  nondimensional f low-rate  
parameter with n equal t o  0.19. The f l i g h t  d a t a  
of reference 2, with l a r g e  r a t e s  of m a s s  i n j e c t i o n ,  
c o r r e l a t e  wel l  with theory f o r  r e l a t i v e l y  moderate 
rates of m a s s  i n j e c t i o n  also by including t h e  tem- 
pera ture  r a t i o  i n  the  nondimensional f low-rate  

parameter. The r a t i o  ( q 1 9  f o r  th?  experi-  

mental f l i g h t  d a t a  of reference 2 extended over a 
range from 1.49 t o  1.66. Examination of t h e  experi-  
mental f l i g h t  d a t a  shows a s i g n i f i c a n t  hea t - t ransfer  
reduction due t o  t r a n s p i r a t i o n  cooling. The experi-  
mental r e s u l t s  shown i n  f i g u r e  5 provide an exten- 
s i o n  of e x i s t i n g  theory t o  l a r g e  rates of mass 
in jec t ion .  

TZ/Tw 

The upper curve of f i g u r e  5 represents  t h e  
t h e o r e t i c a l  r e s u l t s  for a tu rbulen t  boundary l a y e r  
computed from t h e  r e l a t i o n  obtained from r e f .  6 
f o r  T ~ / T ~  = 1) ( 

F cP,c -- 
NSt NSt, 0 ‘FJ - =  

Also shown a r e  t h e  experimental r e s u l t s  from ref -  
erence 3 in f r e e  f l i g h t  t o  a maximum v e l o c i t y  of 
3,910 f t / s e c  and a l s o  in a Mach 2.0 ground t e s t  
f a c i l i t y .  
ground and f l i g h t  t e s t s  were cor re la ted  i n  a similar 
manner, as c i t e d  previously,  f o r  t h e  laminar r e s u l t s  
by including t h e  temperature r a t i o  i n  t h e  nondimen- 
s i o n a l  f low-rate  parameter. The value of n f o r  
t h e  turbulen t  results w a s  found t o  be equal  t o  1 . 3 .  

Figure 6 shows t h e  v a r i a t i o n  of t h e  downstream 

‘ 

The turbulen t  r e s u l t s  from both t h e  

T - T  

Taw - Tc 
cool ing temperature parameter U as a func- 

t i o n  of t h e  f low-rate  parameter F f o r  two 
NSt, 0 cp ,  2 

t e s t s .  
f l i g h t  t e s t  r e s u l t s  t o  a maximum veloc i ty  of 
6,020 f t / s e c  from reference 2, f o r  a laminar boundary 
l a y e r  with a zero pressure  grad ien t .  
curve, included f o r  comparison, represents  t h e  d a t a  
of reference 7 f o r  a turbulen t  zero-pressure- 
grad ien t  boundary l a y e r  i n  a Mach 2.0 ground t e s t  
f a c i l i t y .  Comparison of t h e  r e s u l t s  f o r  t h e  two 
types  of boundary l a y e r s  i n d i c a t e s  t h a t ,  f o r  t h e  
same coolant flow r a t e ,  lower sur face  temperatures  
a r e  achieved i n  a laminar boundary l a y e r  with down- 
strew cooling. 

‘ 

t h e  t h e o r e t i c a l  r e s u l t s  f o r  a porous w a l l  i n  a t u r -  
bulent  boundary layer .6  
shows t h a t  for t h e  same flow r a t e  of coolant, lower 
W a l l  temperatures w i l l  r e s u l t  on t h e  completely 
porous w a l l .  Under c e r t a i n  condi t ions,  however, it 
i s  p o s s i b l e  t o  maintain s o l i d  sur faces  a t  a s a f e  
temperature l c v c l  and use less coolant  with a down- 
stream cooling system, s i n c e  t h e  maximum al lowable 
temperatures  of porous mater ia l s  a r e  genera l ly  a 
g r e a t  d e a l  lower than for s o l i d  materials. 

Ablation Resul t s  and Analysis  

The center  curve of f i g u r e  6 shows t h e  f r e e -  

The upper 

The lower curve shown i n  f i g u r e  6 represents  

Examination of t h e  curves 

The  r r f r o t i v e n e s s  of subliming a b l a t i o n  matcr i -  
als can be der ived simply and d i r e c t l y  from t ran-  
s p i r a t i o n  cool ing r e s u l t s ,  s i n c e  t h e  cool ing mecha- 
nism of t h i s  category of a b l a t i o n  m a t e r i a l s  i s  
analogous t o  t r a n s p i r a t i o n  cool ing.  Once t h e  rela- 

NSt 

NSt, 0 
t i o n s h i p  between - and 

NSt, 0 cp, 2 
known from t r a n s p i r a t i o n  d a t a  t h e  e f f e c t i v e  heat  of 
a b l a t i o n  heff can b e  determined. The t ransfoma-  
t i o n  r e l a t i o n s h i p s  a re :  

NSt,O 

where t h e  terms on t h e  r ight-hand s i d e  o f  t h e  equa- 
t i o n  a r e  t h e  p e r t i n e n t  t r a n s p i r a t i o n  parameters. 
Hence, t h e  t ransformation r e l a t i o n s h i p s  enable  the 
s o l u t i o n  of herf i n  terms of t h e  e n t h d p y  d i f f e r -  
ence across  t h e  boundary layer ( H a w  - H w , a i r )  and 



e.! 
hov, t h e  i n t r i n s i c  heat  capaci ty  of t h e  mater ia l ,  
which is defined as t h e  absorbing capaci ty  of a 
ma te r i a l  p r i o r  t o  ab la t ion .  The f a c t o r  f i s  t h e  
f r a c t i o n  of melt t h a t  vaporizes  f o r  a melting- 
vaporizing ab la t ion  ma te r i a l .  For t h e  present  
r e s u l t s ,  f i s  equal t o  1.0, s ince  t h i s  paper dea l s  
only with subliming ab ia to r s .  However, t he  abuvr 
r e l a t ionsh ips  should a l s o  apply t o  ma te r i a l s  i n  t h e  
melting-vaporizing c l a s s  upon inc lus ion  of t h e  per- 
t i n e n t  ma te r i a l  property values.  

s p e c i f i c  hea t  r a t i o  @ i n  equation (2 )  permits 

sh i e ld ing  r e s u l t s  f o r  any coolant t o  be used i n  t h e  
transformation. Furthermore, including t h e  tempera- 
t u r e  r a t i o  TIPw i n  t h e  above r e l a t i o n  permits 

sh i e ld ing  r e s u l t s  with any temperature r a t i o  t o  be 
used i n  t h e  t ransformation where t h e  exponent n 
v a r i e s  according t o  t h e  boundary-layer type.  Fig- 
u r e  7 shows t h e  e f f e c t i v e  hea t s  of ab la t ion  curves 
obtained from t h e o r e t i c a l  t r a n s p i r a t i o n  da ta  of 
references 4, 6, and 8 for seve ra l  boundary-layer 
types.  These curves were f i r s t  presented i n  
reference 5 .  

Including t h e  

P, 1 

A s  pointed out  above, once t h e  sh i e ld ing  r e l a -  
t i o n s h i p  i s  known from t r a n s p i r a t i o n  r e s u l t s ,  t h e  
a b l a t i o n  parameters can be der ived by t h e  t r ans -  
formation procedure.  
t h e  e f f ec t ive  h e a t s  of a b l a t i o n  as a funct ion of t h e  
enthalpy parameter f o r  a three-dimensional laminar 
s tagnat ion boundary l a y e r  and a l s o  for a turbulent  
zero-pressure-gradient boundary l a y e r  shown pre- 
viously i n  f i g u r e  5 .  Also shown a r e  t h e  r e s u l t s  
from four  a b l a t i o n  f l i g h t  t e s t s .  The v e r t i c a l  
dashed l i n e s  shown i n  t h e  f i g u r e  represent  t h e  da t a  
from two f l i g h t  t e s t s  i n  which i d e n t i c d l  r e s u l t s  
were obtained. The crosses  represent  t h e  f ive - s t age  
Scout da t a .  The s l an ted  l i n e s  represent  t h e  da t a  of 
reference 9. The ve loc i ty  v a r i a t i o n  covered by t h e  
a b l a t i o n  tests was from approximately 5,000 f t / s e c  
t o  22,m f t / s e c .  The values  of heff for t h e  
a b l a t i o n  t e s t s  were computed from t h e  r e l a t i o n  

Figure 8 shows t h e  curves for 

where 40 is t h e  hea t  t r a n s f e r  t o  a nonablating 
surface having t h e  same temperature a s  t he  a b l a t i n g  
surface.  The value of hov used i n  t h e  computa- 
t i o n s  was equal t o  900 Btu/ lb  for Teflon. A l l  of 
t h e  experimental  ab la t ion  r e s u l t s  were successful ly  
co r re l a t ed  with theory for a three-dimensional 
laminar s t agna t ion  boundary layer ;  for purposes of 
c l a r i t y ,  however, some of t h e  ab la t ion  t e s t  da t a  has 
been d i sp laced  from t h e  theo ry  curve. 

Figure 9 shows t h e  e f f e c t i v e  heat  of ab la t ion  
as a func t ion  of  t h e  enthalpy parameter obtained 
from t h e  transformed t r a n s p i r a t i o n  d a t a  of r e fe r -  
ence 2. Also shown a r e  t h e  ab la t ion  f l i g h t  t e s t s  
along with theo ry  f o r  a three-dimensional laminar 
s t agna t ion  boundary l a y e r .  
enthalpy parameter from transformed t r a n s p i r a t i o n  
d a t a  i s  p ropor t iona l  t o  t h e  m a s s  i n j e c t i o n  r a t e ,  
l a r g e  rates of mass i n j e c t i o n  f o r  a t r a n s p i r a t i o n  
t e s t  would s imulate  a high f l i g h t  ve loc i ty  f o r  an 
a b l a t i o n  t e s t  wherein t h e  mass i n j e c t i o n  r a t e s  a r e  
r e l a t i v e l y  l o w .  Although t h e  t r a n s p i r a t i o n  f l i g h t  
t e s t  of r e fe rence  2 w a s  conducted t o  a maximum 
v e l o c i t y  of  on ly  10,400 f t / s ec ,  s ince  l a r g e  r a t e s  
of mass i n j e c t i o n  were used, t h e  transformed r e s u l t s  

Since t h e  value of t h e  

permit an extension of theory t o  supe rc i r cu la r  
ve loF i t i e s .  

Conclusions 

The following conclusions a r e  based on t h e  
r e s u l t s  of s e v e r d  f r e e - f l i g h t  i nves t iga t ions  
wherein t h e  thermal p ro tec t ion  was provided by 
e i t h e r  a subliming ab la to r  or by t r a n s p i r a t i o n  
cooling: 

1. The analogous behavior of subliming ab la to r s  
t o  t r ansp i r a t ion  cooling permits d i r e c t  comparison 
of these two types of hea t  p ro t ec t ion .  

2. Since t h e  e f f ec t iveness  of a b l a t i n g  mater i -  
als  i s  p ropor t iona l  t o  t h e  mass i n j e c t i o n  r a t e  and 
t h e  vehicle  veloci ty ,  ex t r apo la t ion  of t h e  t r ansp i -  
r a t i o n  cooling e f f e c t  based on r e l a t i v e l y  low-speed 
t r a n s p i r a t i o n  data,  wherein high m a s s  e j e c t i o n  r a t e s  
were used, permits t h e  p red ic t ion  of ma te r i a l  effec-  
t i veness  t o  supe rc i r cu la r  speeds. 
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